currently being exposed to nano-sized fractions of both food-grade TiO2 and SiO2. However, individual exposure will vary greatly with diet.
As orally ingested nanoparticles traverse the digestive tract through the mouth, stomach, and intestines, they will be exposed to a number of digestive enzymes. The epithelial cells lining the small intestine absorb most nutrients obtained from food by endocytosis or diffusion and transport them across the epithelium where they can enter the bloodstream. As nanoparticles move through the small intestine, they will come into contact with intestinal epithelial cells, which may be able to internalize nanoparticles as they take up nutrients.
Previous in vitro and in vivo research has shown that nanoparticles do cross the intestinal epithelium, apparently by transcytosis, i.e. transport through the enterocytes. [8] [9] [10] Several studies have begun to investigate the toxicity of inorganic nanoparticles to intestinal epithelial cells both in vitro 9 and in vivo. [11] [12] [13] [14] Based on the toxicity studies that have been conducted in different systems, it is apparent that toxicity depends upon many different properties of nanoparticles. Particle size influences toxicity, with nanoparticles showing greater toxicity than their larger counterparts. 15 Smaller particles have also been
shown to be more readily internalized by intestinal epithelial cells. 8, 10, 15 Recently, nanoparticle characteristics other than size, including composition, solubility, crystal structure, surface charge, surface modifications, and shape have been recognized to substantially influence nanoparticle toxicity. [16] [17] [18] [19] In this paper, we investigated the internalization of commercially available nanoparticulate SiO2, TiO2, and ZnO, and examined their toxicity on C2BBe1 intestinal epithelial cells using several assays.
To simulate the in vivo environment before interaction with the intestinal epithelium, nanoparticles were incubated with representative gastric and small intestinal digestive enzyme solutions before cell exposure. Long-term exposure during which cells were repeatedly treated with nanoparticles was also conducted. Data generated by these studies, the first to include long-term exposure in an in vitro intestinal epithelial cell model, suggest that SiO2 and TiO2 exposed to culture media do not cause significant toxicity in vitro in their interactions with intestinal epithelial cells, whereas ZnO exhibits mild toxicity. However, TiO2 treated with simulated digestion media do exhibit mild toxicity.
Experimental Procedures

Nanoparticles
Zinc oxide, titania, and silica nanoparticles were purchased from Sigma-Aldrich (St. Louis, MO). The specifications of the ZnO particles were size ≤ 100 nm, with a specific surface area of 15-25 m 2 /g. For TiO2, the particle size was specified as 21 nm, with surface area of 35-65 m 2 /g, and purity of ≥ 99.5%, with a trade name of Aeroxide P25. Silica particle specification included size of 12 nm, with surface area of 175-225 m 2 /g, and purity of 99.8%.
Particle Size and Surface Charge
A Zetasizer Nano ZS (Malvern, Westborough, MA) was used to determine the size and zeta potential of the particles. The Nano ZS uses a 633 nm laser as its light source. For size measurements, a 173°
backscatter angle was used for collecting scattered light. The instrument was set to automatically determine the number of runs, the run duration, and the optimal focal point for each sample. The analysis model was set to general purpose, with default size limits of 0.4-10000 nm in diameter. Three replicate measurements were taken for all samples and averaged. All particle sizes are given as radii.
For zeta potential measurements, a forward angle of 12° was used for collecting light. The default
Smoluchowski model in the software program was used. Each measurement included 20 runs and monomodal analysis provided by the vendor was used for analysis. Three replicate measurements were taken for all samples and averaged. Samples were titrated versus pH using an attached MPT-2
Autotitrator. The titrator was supplied with 0.1 M HCl and 1.0 M HCl. Three replicate measurements were taken at each pH with a two minute pause between all measurements.
TEM Images of Commercial Nanoparticles
Images were taken using a Tecnai F20 Transmission Electron Microscope. Ten mg/mL solutions of each particle in ethanol were prepared and sonicated for 30 minutes. The solutions were dropped on to lacey carbon copper TEM grids (Ted Pella, Inc., Redding, CA) and allowed to dry for several hours.
Infrared Spectroscopy of Treated Particles
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed on particles which had undergone simulated digestion treatment. After the final digestion step, the particles were washed twice with water. The digested particles were isolated by centrifugation and frozen with liquid nitrogen, then placed in a Millrock Bench Top Manifold Freeze Dryer (Millrock, Inc. Kingston, NY) to preserve any potential protein coating. The digestion protocol was performed on another set of particles using water in place of digestive enzymes to use as reference. DRIFTS analysis was performed with a Spectrum 400 FTIR Imaging System (Perkin Elmer, Waltham, MA). Scans were performed in percent reflectance mode, an air background (mirror in the diffuse reflectance cell) was collected, and then the water and digested samples (50 mg) were sequentially put into the cell (undiluted), and the spectrum recorded. Kubelka Munk analysis was done on these two samples using the air spectrum as background with a program developed in-house. The Kubleka-Munk spectrum obtained from the water-exposed sample was subtracted from the digested sample spectrum to analyze the coating on the particles (details of the subtraction procedure are provided in the Supplementary Section).
X-Ray Diffraction X-Ray diffraction (XRD) analysis of the commercial particles was performed using a Rigaku Geigerflex diffractometer. Particles were packed onto glass slides with no further preparation. The diffraction angle was scanned from 0 to 100 o (2θ) with a 0.2 step size and 10 second dwell time.
Atomic Absorption Spectroscopy
Atomic absorption spectroscopy was performed to test for the presence of dissolved Zn ions after exposure of ZnO particles to the acidic pepsin enzyme solution. A Buck Scientific Accusys 211 spectrophotometer (East Norwalk, CT) was used with a Zn hollow cathode lamp (Heraeus). Standard solutions were diluted from 1000 ppm standard (Buck Scientific). The digestion protocol was performed on ZnO particles and stopped after exposure to pepsin solution. Following this, the solution was centrifuged at 209,000g for 30 minutes. The supernatant was removed and analyzed for Zn ion concentration.
Simulated gastrointestinal nanoparticle digestion
Pepsin, pancreatin, and bile salts were used to simulate the gastric and small intestinal digestive environments in vitro. The concentrations used were based on in vitro digestion methods used in previously published studies. [20] [21] [22] [23] The stomach enzyme pepsin (146 U/mL, Sigma-Aldrich) was dissolved in water (pH 2, adjusted with 1N HCl). The small intestinal enzyme mixture pancreatin (2mg/mL, Sigma-Aldrich) was dissolved in water (adjusted to pH 7 with 1M NaHCO3 and HCl). A solution of intestinal bile extract (porcine, Sigma-Aldrich) was made at a concentration of 0.024mg/mL in water (adjusted to pH 7 with 1M NaHCO3 and HCl).
To simulate the digestive process, nanoparticles (50 mg/L) were incubated first in the pepsin solution for one hour (37 o C). The nanoparticles were pelleted by centrifugation (200,000 x g for 30 minutes) and resuspended in the pancreatin solution. After a one-hour digestion (37 o C), the particles were pelleted and resuspended in bile extract (one hour, 37°C). Nanoparticles were centrifuged and resuspended in phosphate-buffered saline (PBS) and used for the assays.
Cell Culture
C2BBe1 cells were obtained from the American Type Culture Collection (Manassas, VA) at passage 47 (as specified by the vendor). For short-term exposure assays, cells were used between passages 55-70, consistent with previous studies .
24-26
Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM; Life Technologies, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS; Serum Source International, Inc., Charlotte, NC), 1 mM sodium pyruvate 2 mM L-glutamine, 0.3% penicillin/streptomycin, 0.3 ug/mL Amphotericin B (fungizone), and 10 µg/mL transferrin (all from Life Technologies). Cells were incubated in 10% CO2/90% room air at 37°C. Cells were passaged every 5-7 days and plated on flasks or plates pre-coated with collagen I (0.05 mg/mL, rat tail, Life Technologies). Cells were incubated at least 24 hours prior to treatment with nanoparticles.
Treatment of cells with nanoparticles
The nanoparticles were weighed and placed in a glass vial prior to steam-sterilization. Sterile nanoparticles were suspended in PBS to make a 1 mg/mL solution. Immediately prior to treating cells, nanoparticle solutions were sonicated using a VC130 Sonics Vibra-Cell sonicator (Sonic Materials, Inc.
Norwalk, CT) pulsing for one second on, one second off for approximately 15 seconds in order to break up nanoparticle agglomerates before exposing them to cells. Nanoparticles were added to cells at a dose of 10ug/cm 2 (100µL of the 1 mg/mL suspension per well of a 6-well plate in 2 mL total volume per well, or 20µL per well in a 24-well plate in 0.5 mL total volume per well). Cells were cultured 4-6 days to reach confluency. Cells were then passed 1:10 into new 6-well plates and the nanoparticle treatment was repeated after each passage. This was continued for 29 nanoparticle exposure cycles. To perform toxicity assays, a portion of these long-term cultured cells were plated into 24-well tissue culture plates (Corning-Costar). Cells were treated with nanoparticles (10g/cm 2 ) for 24 hours prior to each assay, as in single exposure studies. Long-term exposure studies were only conducted with commercially-obtained nanoparticles (i.e., no enzymatic digestion).
Cell growth
To assess the effects of long-term nanoparticle exposure on treated cells, we assessed their proliferation over a 10 day period. The cells were seeded at a density such that they reach confluence after 10 days. Cells were plated in triplicate into 6-well tissue culture plates at a density of in DMEM for 5 minutes to lyse all cells before collecting the supernatants. Sample absorbance values were normalized to the Triton positive control (considered as 0% cell viability) and untreated negative control (considered as 100% cell viability). All experimental conditions were performed in quadruplicate.
MTT Assay
To measure the metabolic activity of nanoparticle-treated cells, we used a commercially available MTT assay kit (Cayman Chemical, Ann Arbor, MI). In this assay, the tetrazolium dye, MTT, is reduced by mitochondrial NAD(P)H-dependent oxidoreductase enzymes to an insoluble purple crystal, formazan. Cells were plated and treated with nanoparticles as described above and incubated for 24
hours at 37°C prior to the assay. As a positive control for complete cell death, cells were treated with a 1% solution of Triton X-100 in DMEM for five minutes immediately before the assay was performed.
After the incubation, all but 150 µL of the cell media was removed from each culture well before the Finally, the cells were centrifuged and the pellet was placed into BEEM embedding capsules containing 100% Spurr's resin. Polymerization of epoxy blocks was carried out at 70° C overnight.
Polymerized blocks were sectioned with a Leica Ultracut UCT ultramicrotome (Leica Microsystem GmbH, Wein, Austria). Ultrathin (80 nm) sections were collected on 200 mesh copper grids (Electron Microscopy Sciences) and post-stained with lead citrate (3 minutes). Electron micrographs were generated on with a JEOL JEM-1400 TEM (JEOL Ltd. Tokyo, Japan) equipped with a Veleta digital camera (Olympus Soft Imaging Solutions GmbH, Műnster, Germany).
Results
Nanoparticle characteristics
The toxicity experiments were conducted with readily available commercial TiO2, SiO2, and ZnO nanoparticles. Particle specifications provided by the vendor appear above (Experimental Procedures, Nanoparticles) and results of characterization studies conducted in our laboratory are as follows. Figure   1A -C show the TEM pictures of the three particles; the primary particles of silica and titania are almost spherical with radii of ~ 10-15 nm for SiO2, ~ 20 -25 nm for TiO2. For ZnO, there is a polydispersity in size and morphology with both spherical (~10-20 nm) and rod-like (5-10×50-200 nm) particles. There is clearly some aggregation of these primary particles, and we discuss below the size based on dynamic light scattering which is used in this study rather than the primary size. Figure 2 shows the X-ray powder diffraction patterns, indicating that the SiO2 is amorphous, TiO2 is a mixture of anatase and rutile (marked on the figure, as is expected for P25), and ZnO is primarily wurtzite.
To simulate the digestion process that the particles would undergo in the gastrointestinal tract, particles were sequentially treated with pepsin at pH 2 to mimic the stomach, and then pancreatin and bile salts at pH 7 to mimic the small intestine. Particle characterization by light scattering and zeta potential measurements at each of these stages was measured and is summarized in Table 1 . In the culture medium DMEM, all nanoparticles were negatively charged, with zeta potentials of -11 millivolt (mV) for TiO2 and SiO2, -19 mV for ZnO. The radii varied with ~96 nm for silica, ~112 nm for ZnO, and ~115 nm for titania. Titania particles remained stable in pepsin solution at approximately ~119 nm radii, but with a positive zeta potential of 14 mV. At the acidic pH (~ 2) of the pepsin solution, the surface of TiO2 is protonated, consistent with the isoelectric point (IEP) of TiO2 being pH ~ 6. 27 Silica particles had surface charge close to zero in the pepsin solution and aggregated to ~3000 nm particle radii, consistent with their IEP reported as pH 2, 28 and with our pH titration studies. ZnO particles dissolved during incubation in pepsin at pH 2. This is consistent with reports in literature 29, 30 and was confirmed by measuring the dissolved Zn in the supernatant by atomic absorption spectroscopy, and the dissolved zinc correlated with the amount of nanoparticles introduced in the medium. Figure 3A is a plot of the size and zeta potential as a function of pH for ZnO in water and in the presence of media. In water, the ZnO particles are not tracked by light scattering below pH 6.5, indicating dissolution, whereas in the media there is a protective effect on the ZnO, and particle size only begins to decrease below pH 4. Dissolution studies were not done on the SiO2 and TiO2 particles, since these particles could be isolated after the various treatments and were used for the in vitro studies. Figure 3B shows the difference infrared spectrum between ZnO that was exposed to media and that which was exposed to water (both samples lyophilized prior to infrared measurements, Supporting Information details the infrared procedure). Weak bands at 1661, 1534, 1444, 1395 cm -1 are characteristic of adsorbed protein, with the Amide 1 band at 1661 cm -1 suggesting the presence of β-sheet structures. 31 Similar bands were also noted for SiO2 and TiO2 exposed to media (not shown), indicating that protein adsorption is occurring on all particles exposed to media.
Upon treatment with pancreatin and bile salts, the zeta potentials of the TiO2 and SiO2 reversed and became strongly negative, in the range of -30 to -40 mV. TiO2 particles retained their radii of ~ 104 nm, whereas SiO2 deagglomerated and had radii of ~ 109 nm. Figure 4 shows the difference infrared spectra between the SiO2 and TiO2 that were exposed to pepsin, pancreatin and bile salts and those just exposed to water. The bands observed at 1682, 1527 and 1415 cm -1 are different from that observed with the media and stronger in intensity by about two orders of magnitude, indicating that the pepsin treatment alters the surface and promotes adsorption of material from the pancreatin/bile salt mix. Just based on the spectra, it is difficult to assign the exact types of species adsorbed on these particles. Infrared spectra reported in the literature on bile salts show presence of a band at 1680 cm -1 , 32 and IR spectrum of just the bile salts used in this study show bands at 1625 and 1670 cm -1 (data not shown). These bands can be assigned to carboxylate groups of the bile salts, indicating that such species are adsorbed on the nanoparticle surface after treatment with the digestion medium.
Nanoparticle interaction with C2BBe1 cells
The intestinal epithelial cell line C2BBe1 was established as a sub-clone from Caco-2 cells, originally isolated from a human colon cancer, 33 to be a more homogeneous population of brush border-expressing cells. 34 These cells have been shown to form polarized monolayers of cells with microvilli maintained by cytoskeletal proteins, as is observed for intestinal epithelium in vivo. 35, 36 For these studies, we used actively proliferating cells rather than differentiated cells since proliferating cells are generally more sensitive to toxic agents as has previously been observed. 37 This level of sensitivity likely more accurately simulates the sensitivity of proliferating intestinal stem cells in vivo. As shown in Figure 5 , morphology of C2BBe1 cells following exposure to TiO2 ( Figure 5B ) is indistinguishable from that of untreated cells ( Figure 5A ).
In order to observe whether these nanoparticles are internalized by C2BBe1 cells, TEM was performed on cells that were treated with nanoparticles for 24 hours. Cells were treated with 10 µg/cm 2 of SiO2, TiO2, or ZnO and centrifuged. After 24 hours, cells were washed and processed for TEM. Each type of nanoparticle was able to be visualized within C2BBe1 cells, as shown in Figure 6 , although there seemed to be differences in the amount of nanoparticle uptake as a function of the particle type. We also used the MTT assay to evaluate mitochondrial activity of these cells. The MTT assay measures the ability of cells to reduce a tetrazolium dye to the insoluble formazan, which can be measured colorimetrically. SiO2 and TiO2 particles induced no change in the mitochondrial activity, but
ZnO treatment reduced mitochondrial activity to approximately 70% of untreated controls (p < 0.0001) ( Figure 7D ).
Toxicity of nanoparticles treated with digestive enzymes
C2BBe1 cells were also treated with SiO2 and TiO2 nanoparticles that had undergone simulated in vitro digestion. Since the ZnO dissolved in pepsin at pH 2, we could not treat cells with digested ZnO.
Cells were treated with the digested nanoparticles, centrifuged, incubated for 24 hours, and toxicity assays were performed as described above. Flow cytometric analysis after Sytox Red staining revealed no decrease in cell viability below that of the untreated control cells, suggesting no necrotic cell death induced by the digested nanoparticles ( Figure 8A ). Annexin V staining also revealed comparable cell viability between cells treated with digested nanoparticles and untreated control cells, suggesting that the digested nanoparticles do not induce cell apoptosis ( Figure 8B ). The digestion solutions appeared to interfere with the LDH assay (increase in apparent cell viability was observed after treatment of cells directly with only the digestive solutions; data not shown). Thus, LDH release could not be used as an indicator of digested nanoparticle toxicity. In the MTT assay, only the digested TiO2 induced a slight decrease (10%) in mitochondrial activity ( Figure 8C , p < 0.02), indicating that treatment with the digestion media caused minor nanoparticle toxicity.
Long-term C2BBe1 exposure to nanoparticles
Consumption of nanoparticles in foods can realistically be expected to result in repeated exposure of the intestinal epithelium to these particles over a protracted period. To examine the effects of long-term nanoparticle exposure on intestinal epithelial cells, C2BBe1 cells were treated with nanoparticles for 24 hours after each cell passage. Cells were plated and allowed to adhere and acclimate for 2 days before being treated with nanoparticles. After 24-hour treatment, free nanoparticles were removed and cells were grown to confluency. Cells were then passed into new plates and the particle exposure process was repeated. To examine the effects of repeated nanoparticle exposure on cells, some cells were also plated in 24-well plates for toxicity assays after certain cell passages. These cells were treated with nanoparticles for 24 hours before performing the toxicity assays described above.
Toxicity of nanoparticles on the long-term exposure cells (26 nanoparticle exposures) was determined using the same toxicity assays used for the acute exposure studies ( Because long-term exposure to nanoparticles may induce effects other than cell death, growth curves were performed on long-term-exposed cells to measure changes in cell proliferation. Growth curves were conducted with cells repeatedly exposed to nanoparticles subsequent to the most recent nanoparticle treatment. Cell proliferation was measured by counting cells daily for 10 days, and growth curves were performed after 7, 11, 16, and 29 nanoparticle exposures. Figure 10 shows the growth curves obtained after 11 cycles.. The lack of differences among these growth curves suggests that longterm nanoparticle exposure did not affect cell proliferation. In Figure S2 (Supplementary Section), we show two replicate growth curves performed after 29 nanoparticle exposures. Although individual curves indicated slight differences between differentially treated cell populations, no reproducible trends were observed between the curves performed at any time points, and thus no further analysis was performed.
Discussion:
Particle Characteristics
From the X-ray diffraction patterns shown in Figure 2 , silica is amorphous, ZnO has the wurtzite-type structure, 38 and TiO2 is a mixture of anatase and rutile. 39 Table 1 shows that the size and charge of the particles undergo significant changes in different environments. In serum-containing media, the particles appear aggregated as compared to the primary particle size (Figure 1) , indicating that the asobtained particles were aggregated, consistent with previous reports. 40, 41 Titania becomes positively charged and the silica particles are almost neutral in the "stomach" fluid (pepsin, pH 2.0). In the case of silica, the neutrality of the particles results in formation of large aggregates (~ 3 µm radii). The charges revert back to negative in the neutral intestinal fluid and in the case of silica, the particles deagglomerate.
ZnO dissolved completely in the pepsin solution (pH 2.0). There are conflicting reports in the literature, with most studies suggesting that treatment at pH ~ 2 (simulating gastric conditions) will increase the solubility of ZnO, but at least one study suggests otherwise. 37 Light scattering studies as a function of pH shown in Figure 3A indicate that ZnO is indeed stabilized by the serum, and dissolution occurs at pH<4, as compared to ZnO in water, where rapid dissolution occurs at pH < 6.5. Infrared spectrum ( Figure 3B ) shows that upon suspension in serum, characteristic protein bands 31 are observed on the ZnO. It has been proposed that the presence of serum proteins will inhibit dissolution of ZnO, 40 however it is unlikely that serum can stabilize against dissolution in the highly acidic pepsin solution.
Protein coronas are also observed on the TiO2 and SiO2 particles (Figure 4 ).
Particle Uptake by Cells
Our choice of a sub-clone (C2BBe1) of the Caco-2 cell line is based on their ability to mimic human intestinal cells. The Caco-2 cell line has been extensively characterized, and is recommended for use as an in vitro model of the GI tract by an international toxicity screening workgroup. 42 Figure 5
demonstrates that these cells form a confluent layer with intercellular tight junctions, the morphology of which is unaffected by nanoparticle exposure. The TEM data in Figure 6 indicate that particles are being internalized. Previous studies have also noted that silica with primary particle size of 32 and 83 nm were taken up by Caco-2 cells, formed larger agglomerates (200 -300 nm), and even showed up in the nucleus after 72 hour exposure with the smaller particles. 43 Silica nanoparticle (NP) uptake by Caco-2 cells by elemental analysis of the cells has been reported, although surface binding versus internalization is not readily distinguished by this method. 37 Internalization of TiO2 NP in Caco-2 cells has also been reported. Toxicity: Undigested Particles Engineered nanoparticles have been reported to interfere with optical assays due to light absorption/scattering effects. [44] [45] [46] In particular, for the MTT and LDH assays, it was suggested that loading levels be kept below 50 µg/cm 2 . With ZnO at a loading level of ~ 10 µg/cm 2 , slight effects were even observed with the LDH assay, but not with the MTT assay. 44 TiO2 beyond loading levels of 100 µg/mL were found to adsorb on LDH. 45 SiO2 has been reported to interfere with the MTT assay in HeLa cells by promoting exocytosis of the formazan crystals, even at loading levels of 10 µg/mL. 46 Because of these literature reports, the experiments in the present study were conducted at a dose of 10 µg/cm 2 .
Silica/titania dispersed in cell media did not exhibit any toxicity by any of the assays, including the long-term study with repeated exposures (~ 29 cycles) (Figure 7,9 ). There is conflicting data in the literature on toxicity of silica. Lack of toxicity of SiO2 in Caco-2 cells was observed despite particle internalization by cells and even nuclear localization of particles. 43 Mitochondrial activity (WST assay)
in Caco-2 cells treated with SiO2 NP showed no significant changes as compared to controls, even at dosage levels of 200 µg/mL. 43 In another study, SiO2 NP were found to reduce cell viability only in undifferentiated Caco-2 cells, even at loadings of 5 µg/cm 2 .
37
With nanoparticles of TiO2, there appears to be agreement of a lack of toxicity towards Caco-2 cells. 41 Commercial TiO2 used in sunscreens, made up of a rutile core surrounded by Al(OH)3 shell and fibroustype morphology with lengths of 50 ±10 nm and widths of 7 ± 2 nm were not internalized, and no toxic effects were noted in response to loadings of up to 100 µg/mL. 47 TiO2 at concentrations of 1-20 µg/cm 2 had no effect on Caco-2 cell viability in the presence or absence of serum. 40 TiO2 at loadings of 0.1-100 mg/L did not influence Caco-2 cell viability, as measured by MTT assay. 41 TiO2 at loading levels of 1-9 Anatase/rutile mixtures, similar to the NP examined in the present study, did not induce toxicity (by LDH assay) to In response to ZnO exposure, we found evidence of low-level cell toxicity as determined by the LDH assay, but this was not corroborated by assays of necrosis or apoptosis which demonstrated no toxicity ( Figure 7C ). Mitochondrial activity was also diminished by ZnO treatment ( Figure 7D ). Both these effects of ZnO were also observed in response to long-term treatment ( Figure 9C,D) . There is agreement in the literature that ZnO induces some cytotoxicity in Caco-2 cells. 41 ZnO have been reported to be cytotoxic to both undifferentiated and differentiated Caco-2 cells at doses > 5 µg/cm 2 .
Considering that TEM demonstrated that ZnO is internalized by cells, one hypothesis is that if the internalized ZnO NP are taken up in endosomes, the particles can dissolve and provide a burst of Zn 2+ within the cell. The kinetic profile of pH change in Caco-2 endosomes upon internalization of particles indicates a drop in pH from 7.4 to ~ 5. 50 The intracellular dissolution hypothesis could explain the decreased mitochondrial activity observed in ZnO-treated cells. Zinc ions have been shown to be proapoptotic under certain circumstances 51 and the solubilized ZnO released from the endosomes could be causing toxicity by inhibiting energy metabolism. [51] [52] [53] However, as Figure 10 shows, none of the three particles had any influence on the rate of proliferation of the cells.
Toxicity: Digested Particles
The MTT experiments suggest a slight decrease in metabolic activity induced by titania nanoparticles only after exposure to the simulated digestion solutions ( Figure 8C ). IR data shown in Figure 4 indicates that in both silica and titania, there is strong adsorption of material from the simulated digestive media.
Bile salts/proteins appear to be on the surface of these particles, with the acidic pepsin treatment promoting the amount of adsorbed material (since particles exposed to media have much less material).
Micelles of lecithin and the bile salt sodium deoxycholate at concentrations > 0.2 mM have also been reported to decrease cell viability of Caco-2 cells. 54 Thus, the nanoparticles could be transporting toxic material from the digestion media into the cells. It is unclear at this point why silica exposed to the simulated digestion media is not showing the same type of toxicity as the titania. It is important to note that the toxicity manifested by titania, as measured by the MTT assay, is mild and possibly can be related to the different levels of adsorbed bile salts being transported by the two particles.
Implications of this Study
The implications of this in vitro study of nanoparticles of SiO2, TiO2 and ZnO in media towards TiO2 treated with the simulated digestion medium, there was no indication of necrosis or apoptosis, but diminished mitochondrial activity was noted with titania, possibly due to transport of bile salts/proteins into the cell. The importance of the corona formed on nanoparticles is being recognized as important in toxicity, 55 since not only is the response of the living cell to the particle influenced by the composition of the corona layer, but it is also a mechanism to get material into the cells.
Even though we did not find SiO2 and TiO2 to be toxic, it is clear that they are internalized by the epithelial cells as nanoparticles and may subsequently enter the circulation and migrate to other parts of the body. The surface charge of SiO2 and TiO2 particles becomes neutral/positive within the "stomach" solution and can therefore interact with the negative mucus proteins and influence their transport. With ZnO, toxicity is not relevant in its nanoparticulate form, unless stabilized against dissolution in the stomach. This is consistent with the observation that when ZnO was administered to rats by oral gavage, Zn 2+ were found in tissues, but not as ZnO particles. 38 Thus, at least for silica and titania, it becomes essential to monitor transport of these nanoparticles in vivo to determine whether they do indeed enter the circulation and if so, to map their route(s) of distribution and potential sites of accumulation. Several studies have examined the fate of ingested nanoparticles. TiO2 injected into rat ileum did not disrupt the structure of the epithelial layer, though the particles were taken up by the cells and eventually reached the liver. 14 In vivo studies with mice fed with SiO2 exhibited liver toxicity. 56 Dynamics of the motion of nanoparticles into systemic circulation, localization in tissues and clearance from the body still needs to be mapped out.
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Transmission electron microscopy (TEM) Figure 10. Growth curves after 11 nanoparticle exposure cycles. Growth was measured using cells that had undergone 11 cycles of repeated exposure to nanoparticles of SiO2, TiO2, or ZnO, along with untreated controls. Cells were plated at a starting concentration of 5×10 4 cells in 6-well tissue culture plates at time zero such that three replicate wells for each treatment could be counted daily for 10 days. This data is representative of growth curves performed after 7, 11, 16, and 29 nanoparticle exposures. Supporting Information shows the data for 29 exposures. was performed on another set of particles using water in place of digestive enzymes to use as reference.
DRIFTS analysis was performed with a Spectrum 400 FTIR Imaging System (Perkin Elmer). Five hundred runs were performed in % Reflectance mode using an air background (mirror in the diffuse reflectance cell) for both the water and digested samples (50 mg); the samples were packed into the infrared cell without any dilution. Kubelka Munk analysis was performed on these samples using an inhouse developed program using the air reference. The Kubelka Munk spectra of each water-exposed particle was subtracted from the spectra of each digested particle using Origin software, leaving only peaks related to the digestion enzymes and media (normalized relative to the 1260 cm -1 band observed in both TiO2 and ZnO, and for SiO2, the subtraction was done to maximize/symmetrize the band at 1300 cm -1 ). An example of this for TiO2 is shown in Figure S1 . Figure S1 . Example of DRIFTS subtraction process: TiO2 exposed to water and freeze dried; TiO2 treated with digestive solutions and freeze dried; and the subtraction of the water exposed spectra from the digested sample, leaving peaks related to the digestive enzymes.
II.
Long-term nanoparticle exposure Figure S2 shows two replicate growth curves performed after 29 nanoparticle exposures. While there is substantial inherent variability in proliferation rates among cultures treated identically (for example, compare proliferation curves of untreated controls shown in Figure S2 A and B), there is no consistent pattern of differences in proliferation rates between cells treated with the different nanoparticles that would suggest that any of these particles is more toxic than the others. Against the backdrop of this inherent variability in proliferation curves among replicate experiments, statistical analysis would not have provided meaningful information and hence was not performed. 
